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Sample preparation
All stock solutions were prepared in degassed double-distilled water. Mn(NO 3 ) 2 ·4 H 2 O, Co(NO 3 ) 2 ·6 H 2 O, 1,10-phenanthroline (phen) and 2,2'-bipyridine (bpy) obtained from Sigma-Aldrich were used without further purification. NaNO 3 and KCl were employed as background salts. All solutions were freshly prepared before use and purged thoroughly with N 2 , and solutions containing cobalt were only handled in N 2 purged septum-sealed NMR tubes, in order to avoid contamination with oxygen, which can lead to the formation of peroxides. [1] The speciations of the solutions were computed with the Hyperquad Simulation and Speciation software (v. 4.0.31) (HySS2009), [2] using stability constants and enthalpies from the literature. [3, 4] See figures 1-2 for example speciation diagrams at 298.15 K.
Solutions with metal to ligand ratios of 1:0, 1:0.5 and 1:2.6, with total metal concentrations of 10 mM in the case of Co(II) and 0.5 mM for Mn(II), were prepared by adding an acidified (HNO 3 , pH 1.5) stock solution of either bpy or phen to a stock solution of cobalt or manganese hexa-aqua nitrate (100 mM), and diluting with 0.1 M NaNO 3 to reach the desired concentration. The pH was then adjusted to 3.0 by addition of HNO 3 . NMR samples were spiked with 5 µl 20%
17 O-enriched water (Cambridge Isotopes). NMR samples were allowed to equilibrate at least 16 hours at room temperature before measurements to allow for equilibration.
Kinetics of H 2 17 O exchange and treatment of data
Nuclear magnetic measurements were carried out on a Bruker Avance DRX 400 (9.7 T, 17 O 54.3MHz) spectrometer equipped with a 5 mm broadband probe. Temperature measurements were conducted using a Omega thermocouple reader connected to a dummy sample containing NaNO 3 (0.1M) in D 2 O with two non-magnetic T-type thermocouples immersed in it at different heights. Spectra were acquired with a pulse width of π 2 , a recycle delay of 500 ms, and were averaged over 256-512 scans. Reference line widths, ν ref , were recorded on a diamagnetic reference sample containing 0.1M NaNO 3 and adjusted to pH 3.0 using HNO 3 . All samples were equilibrated at the set temperature before the measurements were carried out. Spectra and activation parameters were fitted using gnuplot (v. 4.6.6). [5] Line widths were fitted using the script in listing 1. An example of the output is given in figure 3.
Swift and Connick formalism
Swift and Connick showed that when the main source of excess line broadening -
2 ,obs is the linewidth of the paramagnetic sample and nu 1 2 ,ref is the linewidth of a sample lacking a paramagnetic ion but otherwise identical-of the solvent water signal was related to water exchange on a paramagnetic ion, the relationship could be written as eq. 1, where
Since the effect is additive, we can write eq. 3, where i denotes the species. Using the Eyring-Polanyi expression of the rate as a function of the activation entropy and enthalpy, it is possible to write eq. 4. P M is defined as the ratio of bound water to a specific species relative to the concentration of free solvent water. k B , h and R are the Boltzmann constant, Planck's constant and the Universal Gas constant, respectively.
is also defined as shown in eq. 5
By measuring the temperature dependent changes in the excess line width, the rates of exchange can be determined as long as P M is known. It is important to note the importance of the diamagnetic reference sample, which must be otherwise identical to the sample being studied. In other words, reference samples must be maintained at the same pH, ionic strength and temperature as the paramagnetic sample in order to correct for these effects, and to correct for imperfect shimming.
All reported errors in tables are fitting errors (σ). Multivariate fitting of the excess line widths to determine the thermodynamic parameters was done using equation 4 and gnuplot. [5] We use only data from the temperature region where there is a linear relationship between excess width and exchange rates. Some previous studies have used the full region, which adds extra degrees of freedom to the point where it is not possible to reliably do global fits for multi-component systems such as those investigated in this study, even using the reduced Swift-Connick relationship (eq. 1). We have previously discussed the general use of this simplified version, [6] and more specifically the issues that need to be considered when applying the full Swift-Connick relationship for a manganese system. [7] 1.4. Temperature effects on speciation
Temperature effects on the speciation was calculated by using the Eyring-Polanyi equation and assuming that the equilibrium entropies and enthalpies were temperature insensitive (see equations [6] [7] [8] . The equilibrium constant is given by K T and the stepwise formation constants as β n , where ∆H and ∆S represent the corresponding enthalpy and entropy of formation.
The equilibrium constant at T 2 can be calculated if the equilibrium constant at T 1 and the entropy are known (eq. 7), and from the equilibrium constants the stability constants can be derived (eq. 8).
Using the temperature corrected stability constants, temperature dependent P M can be calculated. See tables 1-7 for the temperature-corrected P M used in this study. Temperature dependent line widths for different species are shown in figures 4-7. 6.12×10 
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